Introduction
A current start-up employing an electron cyclotron wave (ECW) [1] would result in solenoid-free current drive in spherical tokamaks, and it has been demonstrated for several of them [2] [3] [4] [5] [6] . The inboard poloidal field null (IPN) is one of the configurations formed by the ECW start-up. In the IPN, a high poloidal beta (β p = 2μ 0 p / B p 2 ) is achieved through the contrib ution of energetic electrons, where p is the volume-averaged plasma pressure and B p is the poloidal field averaged over the last closed flux surface (LCFS). The maximum β p is limited by the equilibrium limit, while the poloidal null point with a natural separatrix on the high-field side is self-organized. In the spherical tokamak Q-shu University Experiment with Steady-State Spherical Tokamak (QUEST) [6, 7] , a stable IPN configuration has been demonstrated, where the current is driven solely by ECW. Research of the current drive mech anism [8, 9] and the equilibrium [10] are in progress in QUEST. A steady state tokamak operation for longer than 10 min has also been realized owing to its stability [11] .
In the IPN configuration, most of the volume in the QUEST device is occupied by the scrape-off layer (SOL). The trapped energetic electrons are confined to the wide far-SOL on the low-field side (LFS) in the plasma current (I p ) ramp-up phase. In the I p flat-top phase, energetic escaped electrons are lost and are responsible for the heat in the far-SOL. High pressure in the open magnetic flux is obtained due to such energetic electrons, whereas the bulk particles and the heat are transported to the end-plates and wall via the far-SOL in the QUEST IPN. In the SOL of the confined plasma, like the tokamak, the density, temperature, pressure and electric field profiles affect crossfield transport significantly [12] . Even the far-SOL strongly depends on the discharge parameters and confinement regime. In the experiments in the DIII-D tokamak, cross-field transport increases with an average density and flattens for the far-SOL profiles in low confinement mode. Additionally, a few peaks in the density, temperature and heat flux profiles due to the edge localized mode are observed in the far-SOL in high confinement mode [13] . Compared to such tokamak devices with narrow SOLs, the parameters in the IPN may have particular profiles and complex structures, since the far-SOL is quite wide.
In addition, the sheared perpendicular plasma flow affects radial transport in the SOLs, and parallel flow also has a key role in determining the injected power into the divertors and the wall, as examined in the tokamaks [12, 14] . The experimental research in [15, 16] shows that the core flow depends on the SOL flow determining the boundary condition of the core flow structure. The confinement of the core plasma may also depend on the SOL flow. Therefore, an examination of the flow patterns in SOLs is important for understanding global power and particle transport in tokamaks. In the QUEST IPN, supersonic flow in the I p ramp-up phase, and subsonic flow in the I p flat-top phase have been found in the far-SOL [17] . Such flows respond to I p oscillation. Recent progress in the research in QUEST [18] has verified that a rigid toroidal rotation is generated spontaneously on the open magnetic fluxes in the start-up phase. The core velocity exceeds 10 km s −1 after the LCFS and separatrix are configured. The directions of these flows in the core and SOL are consistently co-current in the toroidal direction. This global co-current flow drive by the ECW has hardly ever been demonstrated in any other tokamaks, even though changes of rotation by EC resonance heating have been observed in larger ones [19] [20] [21] . To understand such a spontaneous co-current drive by the ECW, a flow investigation in the QUEST IPN is a significant piece of experimental research.
For these reasons, further investigation of the far-SOL plasma will contribute to a better understanding of the IPN configuration and ECW-driven plasma flow. The ECW power is about 80 kW. The plasma characteristics of the far-SOL, such as density, temperature, pressure, heat flux, electric field and velocity, determine the boundary conditions for the core plasma in the QUEST IPN. Previous work [17] showed that the far-SOL is intimately related to the global behavior of plasma like I p oscillation. During this research, a hybrid probe with triple and Mach probe functions was installed on the LFS in QUEST, and measurements were performed. Used together with a Langmuir probe array on the top end-plate region, twopoint measurements on the open fluxes were attempted to understand the relationship between the two regions. Strong gas puffing (SGP) was applied and a substantial amount of gas was injected from the central stack to the private region of the IPN configuration. With such SGP, the I p decreases by about half and flow reversal occurs in the core toroidal flow. This significant flow change in the core is also related to the SOL flow, since flows in the core and SOL interact with each other intimately. To understand the change of the far-SOL as a boundary condition, the characteristics of the far-SOL (density, temperature, flows, and others) have been compared before and after SGP.
The diagnostics are described in section 2. The setup and results of the experiment are presented in section 3. The changes of density, temperature, pressure and heat flux profile, which are responses to the SGP, are shown in section 3.1. The velocity profile in the far-SOL is presented in section 3.2. The experimental results are summarized and discussed in section 4, and the conclusion is given briefly in section 5.
Diagnostics on the far-SOL and the end-plate
To investigate the plasma characteristics in the far-SOL, a hybrid Langmuir probe has been developed. The SOL-probe consists of a quadruple probe (on the front) and a Mach probe array with eight pins (on the side). Figure 1 (a) presents a conceptual image of the hybrid probe. Twelve tungsten pins protrude from the ceramic head that is made of a boron nitride alloy. Each side pin stays in a separate room, and hence does not influence the neighboring pins. The probe head is required to withstand the high heat flux caused by energetic electrons. The probe head is equipped with a molybdenum cover (2 mm thick) to prevent it from being damaged. Using the triple probe method, the quadruple probe can measure the electron density n e and its temperature T e , and therefore the electron pressure P e . The plasma potential φ p is also estimated by the floating potential and electron temperature. The side probe array, comprising four pairs of Mach probes, measures the Mach numbers M in four directions simultaneously. The plasma sound speed is estimated by the electron temperature, and the local velocity v can also be estimated. Rotating the probe azimuthally (Ω-direction), an azimuthal profile of velocity is obtained. Furthermore, the radial profiles of n e , T e , P e , φ p , E r , and v can be examined by measuring them at different radial locations. As shown in figure 1(b) , the hybrid probe was mounted on a probe track driven by an electric motor. The probe can move back and forth in the range 770 ⩽ R ⩽ 1220 mm, and up and down in the range −680 ⩽ Z ⩽ −327 mm, where R is the major radius and Z is the vertical height (Z = 0 m at the equatorial plane). Accordingly, the probe covers a wide area in the far-SOL.
The bulk ions are cold with a temperature of T i < 5 eV in the far-SOL, according to Doppler ion spectroscopy, and the magnetic field is weaker than 0.1 T in the far-SOL. Therefore, we adopted a weakly magnetized model to estimate the Mach number [22] . The model is generalized to compensate for the effect of the finite open angle. The Mach number is can correct the dependence on ζ ∆ . To decide M from the ratio of j up and j down , the model coefficient K is used. K = 1.4 has been used in this paper.
In addition, a probe array (called the 'end-plate probe' in this paper) was prepared to take measurements at the top end-plate, which is located at Z = 1 m. It is equipped with 48 pins made of tungsten tips, and its measurement range is 365 ⩽ R ⩽ 815 mm in the major radial direction. In this experiment, we arranged this as a triple probe array to observe n e , T e and P e over a wide range at the top end-plate. Eleven triple probes were set up with their radial locations in the range 395 ⩽ R ⩽ 770 mm.
The two probe systems (the SOL probe at a toroidal angle of ϕ = 287° and the end-plate probe at ϕ = 327°) are available in QUEST, as shown in figure 2(a) . The SOL probe moves on the track at an angle of 36.9° from the horizontal plane. A colored contour presents the typical magnetic fluxes of the IPN configuration. The locations for the SOL probe and end-plate probe are positioned a long way from the separatrix. Practically, in this experiment, these probes are used for the measurements on open magnetic flux surfaces, where the magnetic field connects the top and bottom end-plates via the far-SOL. The pseudo-toroidal coordinate (R, ϕ, θ) is shown in figure 2(a) . Regarding the plasma ion flows, the velocity consists of parallel and perpendicular components. From a numerical analysis of the magnetic flux, we can estimate the strength and direction of the magnetic field |B| at a specific location. When I p ≈ −18 kA in a typical IPN configuration, where the directions of I p and B ϕ are in the negative and positive toroidal direction, respectively, |B| = 0.086 T is exerted in the far-SOL at (R, Z) = (+1000, −500 mm), and the angle of the field from the toroidal direction on the probe is then Ω ≈ −10°, as shown in figure 2(b). 
Plasma modification due to SGP

Pressure and heat flux in the far-SOL and end-plate region
During SGP, a substantial amount of gas was injected from the inboard side in order to modify the collisionality of the plasma aimed at core rotation reversal. In this experiment, the fuel is hydrogen. The gas outlet has been installed in the middle of the central stack (Z = 0 m). In the IPN configuration, the natural divertor legs stand on the central stack, and for this reason, the gas spreads in the private region first. Then, it passes through the separatrix and reaches the core region. The arrow (solid line) in figure 2(a) shows the location and direction of the gas injection. Such SGP was applied during the current flat-top of I p ≈ −18 kA. The current dropped to |I p | < 10 kA temporarily, however, it gradually rose again and recovered. Figure 3 (a) presents, from the top, I p , the line-averaged central electron density (n e ) measured by an interferometer, and the electron density and electron pressure in the far-SOL and top end-plate at a short time scale. , and later decreases quickly until t = 4.97 s. In the third panel, n e in the far-SOL and end-plate region are shown. The apparent n e decay times are clearly longer than that of n e . This difference indicates that the mechanisms of particle transport could be different in the inside and outside of the core region in the IPN configuration. The decay times in the far-SOL and endplate region are discussed later in this section. At the far-SOL, (R far-SOL , Z far-SOL ) = (1000.0 mm, −500 mm), P e matches P e at the end-plate region (R end , Z end ) = (492.5, 1000.0 mm), before SGP. During a ∼0.3 s period following SGP, the P e at R far-SOL almost matches P e at R end = 552.5 mm. This indicates that the open magnetic flux surface on the probe shifts outward in the end-plate region.
The quick responses of I p and P e end at t ≈ 5.10 s. Later, the plasma shifts to a slow-response phase, I p reaches the local minimum, increases again gradually, and the flat-top is reformed over two seconds. The central density becomes constant at = × n 1.2 10 e 17 m −3 . Meanwhile, the magnetic field line passing through the SOL probe connects the inside and the end (top plate region), as P e at R far-SOL = 1000.0 mm and P e at R div = 492.5 mm roughly match again. As shown in figure 3(b), the density and pressure never go back to the former value in the central, far-SOL or end-plate region. This after-effect may be related to the pumping speed and plasma wall interaction. In addition, a small amount of gas puff was injected every 1.0 s from 5.8 s. This fuelled the gas, increased n e and modified the other parameters slightly for a short time.
The radial profile of the far-SOL can be observed by shifting the SOL-probe location radially shot by shot for reproducible discharges. The SOL-probe also owns the reciprocating function, the functionality of which, however, is not necessary for this research. The SOL-probe can already cover a reasonable radial range, and reciprocation would complicate the invest igation of the long-time evolution of the parameters. It may not be suitable to observe the effect of SGP with a high time resolution or to investigate the time evolution of the param eters in seconds. Figures 4(a) and (b) present the radial profiles at t = 4.8, 4.9, and 5.0 s at the far-SOL and endplate region, respectively. In the far-SOL, SGP increases n e Figure 3 . (a) The waveforms of plasma current, I p , and the line-averaged electron density, n e . In the third and fourth panels, the electron density, n e , and the electron pressures, P e in the far-SOL (at (R, Z) = (1000, −500 mm)) as well as the top end-plate region (R = 492. several-fold and its profile becomes flatter. The T e which is higher than 10 eV decreases to T e ≈ 5 eV and its profile is also flattened in this region. At t = 4.8 s, a steep gradient of P e is observed closer to the core than R = 1000 mm. Such a gradient is eliminated at t = 4.9 s. The profiles of n e , T e , and P e are modified during t = 4.8-4.9 s, while no profile change is observed during t = 4.9-5.0 s. At the end-plate, n e after SGP is two to three times higher than before. In addition, T e also increases at t = 4.8-4.9 s. T e behaves in an opposite way to the far-SOL, although T e at the end-plate is lower than at the far-SOL. Consequently, P e at the end-plate region is several times higher than before SGP. There would be no mechanism in which only the plasma in the end-plate region is heated; therefore, it is likely that it is transported from the core region. In both profiles, there are flat parts of n e and T e . Such flat parts and gradients can be generated in the I p flat-top, and they are modified significantly by SGP. According to the profiles, the far-SOL may be separated into the first far-SOL and the second far-SOL. In the first far-SOL, blobs may transport particles significantly, and effective diffusion may grow large [23] .
Although SGP increases n e , it decreases I p considerably, and such a global modification should influence the magnetic flux significantly. Figures 5(a) -(c) present the evolution of the magnetic flux contour at t = 4.8, 4.9, and 5.0 s, respectively. A radial profile of the electron density, n e , electron temperature, T e , and electron pressure, P e in the far-SOL and top end-plate region at t = 4.8, 4.9 and 5.0 s. The magnetic flux surface is modified notably at t = 4.9-5.0 s instead of at t = 4.8-4.9 s. The area of the closed magnetic flux surfaces at t = 5.0 s is smaller than that at t = 4.8 s; meanwhile, the private region at t = 5.0 s seems larger than that at t = 4.8 s. The distance between the natural divertor legs on the central stack is d L ≈ 20 cm (at t = 4.8 s) and d L ≈ 60 cm (at t = 5.0 s). In both cases, the SOL spreads widely from top to bottom via the mid-area of the LFS. There is only a small modification observed at 4.9 s in the core and SOL. However, according to figures 3 and 4, parameters (I P , n e , P e , etc) have already responded to the SGP, and the radial profiles have been modified significantly. These results show that the modification of the magnetic flux is quite a lot slower than that of the density and temperature.
The dotted lines in figure 5 show the open magnetic flux surface, which passes through the SOL-probe at (R, Z) = (1000, −500 mm) and is attached to the end-plate. At t = 4.8 s and 5.0 s, P e of the SOL-probe nearly matches that at the end-plate where R = 492.5 and 552.5 mm, respectively-as shown in the third panel of figure 3(a) . Thus, the flux surface should shift finitely due to the SGP and I p drop. To show that the flux surface shifts outward, we traced a magnetic field that passes through the SOL-probe and connects the top and bottom endplates. In figure 6 , spirals draw the magnetic field lines before (blue, thin) and after (green, thick) SGP. The connection length is l c = 15.1 (at t = 4.8) and 15.4 m (at t = 5.0 s), respectively. Tungsten (W) blocks with a height of 5 cm have been installed as limiters on the top end-plate, and the end-plate probe is also set on the top plate. The two magnetic lines do not hit any W blocks, and thus the two-point (far-SOL and end-plate) measurement is set on the open magnetic flux surface properly, where a toroidal symmetry is assumed. The major radii on the top end-plate are R TE0 ≈ 514 mm and R TE1 ≈ 554 mm, respectively. Consequently, the open magnetic flux passing through (R, Z) = (1000, −500 mm) is shifted about 40 mm outward by SGP at the top end-plate, and subsequently globally modifies the magnetic flux. This result is consistent with the time evolutions in figure 3 .
The heat flux gradient in the far-SOL becomes flatter, but on the other hand, the gradient at the end-plate becomes steeper than before SGP. Such converse behavior between the far-SOL and end-plate region can also be seen in the heat flux profiles in addition to the pressure gradients. Figures 7(a) and (b) show the time variation and radial profile of the heat flux q h = γT e j is , where γ is the total sheath heat transmission coefficient (γ = 7 is used in this research) and j is is the ion saturation current density measured by a Langmuir probe. During I p flat-top before SGP, a steep gradient of q SOL is generated, where ∇q SOL ≈ 47 kW m −3 . Such a gradient is eliminated in this location by SGP, and is gradually reformed. For R > 1000 mm, q SOL increases after SGP. The difference in behavior between R < 1000 mm and R > 1000 mm may indicate that a steep ∇q SOL for R < 1000 mm may work like a transport barrier. ∇q SOL may have been generated more inside, although it is rather unlikely because the radial propagation of ∇q SOL has not been observed. We cannot ignore such small possibilities due to the lack of data. Otherwise, SGP could trigger high particle loss and high transport in the far-SOL.
The heat flux on the end-plate, q end , evolves as shown in figure 7(c). As can be seen, at the beginning of the discharge or right after SGP, q end tends to be high when I p is low. During I p flat-top before SGP, q end < 1 kW m −2 , and q end < q SOL (R SOL < 1000 mm). Subsequently, at about 200 ms after SGP, q end is several-fold higher than before, and q end > q SOL (970 ⩽ R SOL ⩽ 1060 mm) accordingly. As discussed above, with the increase of P e , a source of such q end would be transported from the core to the end-plate region. The radial profile of q end is shown in figure 7(d) , and a steep gradient is generated after SGP. Consequently, the generation and elimination of heat flux occur in a different way between the far-SOL and The apparent decay time of n e is related to I p recovery. Due to SGP, n e commonly increases in the far-SOL and end-plate region. Thus, it is likely that the decay of n e is required to drive I p again and to reform the I p flat-top. Figure 8 presents the radial profiles of apparent n e decay time, τ * n e which is the time duration that n 0 = n (t = 4.85) is to be n 0 /e at each radial position. The measured decay times are longer than 0.1 s, and the likely cause of such a long τ * n e is the particle source from the wall, known as 'wall recycling'. Dotted and dasheddotted lines show the connection length of the magnetic field lines passing through the probe positions, l c , when I p = −11 and −17 kA, respectively. In the far-SOL, τ * n e ≈ 0.3-0.4 s for R < 1040 mm and it increases for R > 1040 mm and beyond; meanwhile, l c decreases sharply around R = 1030-1040 mm. Here, a short l c indicates that the magnetic field lines hit the outer wall or limiters. Hence, the magnetic field lines further than R = 1040 mm do not connect to the top or bottom end via the SOL-probe position. The measurement range in the case of the far-SOL is limited, and, unfortunately, only one observation has been made at each point. However, the profile indicates that there could be a radial dependence on τ * n e
; thus, more examination is required to understand the details.
In contrast to the far-SOL results, it is very clear that there is a radial dependence on τ * n e in the end-plate region, as presented in figure 8(b) . In this graph, τ * n e
is an averaged dataset of five discharges, and τ * n e observed at R = 560 mm is longer than 1.0 s. Regarding τ * n e , the region can be roughly divided into two: R < 550 and R > 550 mm. For R < 550 mm, the order of τ * n e is approximately the same as that of the far-SOL (R < 1040 mm). These results are clear owing to the sufficient number of pins and the wide measurement range. Around R = 550 mm, l c decreases sharply and is short in the outer region. As shown in figure 8 
is long where l c is short. Consequently, a significant relationship between τ * n e and l c is plausible. These τ * n e and l c profiles may indicate that wall recycling occurs more outside the open magnetic flux surface with shorter l c . According to the T e behavior shown in figure 4(b) , there may be a complex mechanism for confining particles in the open magnetic flux for R > 550 mm (on the end-plate) or outside the flat n e region.
Plasma flow in the far-SOL
Plasma flow in the far-SOL is also modified significantly by SGP. With Mach probes on the SOL-probe, the characteristics of plasma flow in the far-SOL were examined. Here, the endplate probe was not equipped with a Mach probe, so the plasma flow was not examined in the end-plate region. Figure 9 presents the waveforms of n e , T e , P e , plasma potential φ p , floating potential φ f , and the velocity in poloidal (v θ ) and toroidal (v ϕ ) directions, measured at R = 1020 mm by the SOL-probe. As we have seen above, n e and P e increase after SGP, although T e decreases, and φ f is nearly zero for 400 ms, corresponding to the drop in T e . Thus, φ p becomes lower than before SGP. , along with the recovered I p flat-top and other parameters. The v ϕ that has slowed down also gradually accelerates again, reaching about −25 km s −1 . As shown in figures 7(a) and (b), the absolute value and radial profile of q SOL for R < 1000 mm at t = 8.0 s in the far-SOL are comparable with those before SGP. For R > 1000 mm, the after-effect is significant, and in the quasisteady state after SGP (t > 7.0 s), n e and the other parameters at R = 1020 mm are clearly different from before-as can be seen in figure 9(b) . Even in the far-SOL, n e remains high where strong flow (M ϕ ~ 0.5 around t = 5.0 s) exists. This may have been caused by the mechanisms of the source from the end-plate region and wall, as discussed in 3.1. Compared with the parameters in the quasi-steady state before SGP, n e is ~4.5 times higher and T e is ~2/3, so that P e is about three-fold. Due to the higher density, it could be natural for the flows to slow down. The short time reaction of n e and the other param eters can also be seen due to a small amount of gas puff per 1 s from 5.8 s.
The plasma flow consists of perpendicular and parallel components of the magnetic field, respectively; hence, the flow velocity can be written as: v = v ⊥ + v || . To observe the direction of the plasma flow at a position in the far-SOL, we investigated the azimuthal profile of j is on a shot-to-shot basis, where j is is the ion saturation current density. Figure 10 presents the Ω-profile of j is right after SGP (t = 5.0 s) and at the reformed I p flat-top phase (t = 8.0 s). The solid and dotted lines represent the parallel and perpendicular directions to the magnetic field, respectively. Due to the significant increase of n e , j is at t = 5.0 s is higher than at t = 8.0 s at all angles. In both (a) and (b), the left halves are wider than the right halves. The co-current direction is from 180° to 0° in this experiment. Therefore, the co-current parallel flow is found to be dominant in the far-SOL. At t = 5.0 s, j is around 170° is 2 to 2.5-fold as much as that around 350°. The ratio is about 3 at t = 8.0 s, and the Mach number has thus increased after the I p recovery time, as can also be seen in figure 9(b) . Meanwhile, j is around 80° and 260° approach equal at t = 5.0 s. Consequently, the perpendicular flow may decelerate significantly and almost stop due to SGP. Furthermore, j is around 90° is higher than that around 270°, and the Mach number is thus negative in the poloidal direction, which corresponds to the reversed flow shown in figure 9 . The flow reversal of v θ is caused by residual parallel flow and a slowdown of the perpendicular flow. At t = 8.0 s, j is around 260° is clearly higher than that around 80°, that is to say, perpendicular flow has formed. Accordingly, perpendicular flow is identified in the I p flat-top and it coexists with the dominant co-current parallel flow. Right after SGP, t = 5.0 s, the particles are transported radially from the core region to the far-SOL. Therefore, it is very likely that the particles, which are transported to the far-SOL from the core due to SGP, end up flowing into the end-plate region along the magnetic field lines. 
According to equation (2), we find that v ⊥ and v || mainly depend on v θ and v ϕ , respectively, because Ω is close to 180° in the far-SOL. However, v ⊥ is affected appreciably by v ϕ when v ϕ is much larger than v θ . In the I p flat-top phase, v ϕ is several-fold higher than v θ . The radial profiles of v ⊥ and v || are presented in figure 11 , where the marks are observed velocities. At t = 5.0 s, the absolute values of |v ⊥ |, except for at R = 1060 mm, are lower than 5 km s −1 . At t = 8.0 s, v ⊥ does not change significantly for R < 1000 mm. Meanwhile, for 1010 < R < 1050 mm, positive flow is observed. This profile change indicates that there is a far-SOL flow shear of v ⊥ in the I p flat-top phase. Such shear is eliminated by SGP and the flow direction is modified from positive to negative. In addition, v || is much higher than v ⊥ ; consequently, parallel flow is dominant in the far-SOL as v || still ranges −20 < v || < −10 km s −1 right after SGP and gradually accelerates to −30 < v || < −20 km s −1 . For R < 1000 mm, further inside would be faster. For further understanding, more measurements for R < 980 mm are required.
Perpendicular drift-driven flow consists of × E B and diamagnetic drift flow: 
Charge separation in the toroidal plasma drives PfirschSchlüter (P-S) flow to compensate for the non-divergencefree v ⊥ . For a circular configuration, P-S flow is obtained by: where q is a safety factor. Considering elliptical geometry, equation (4) can be written as: 
where k = b/a is ellipticity [24] . We can use an alternative model of the boundary condition, where the magnetic field is connected to the end-plates on the top and bottom. Return parallel flow may compensate for the transport effect of × E B flow. Equation (5) is rewritten as:
To estimate the components of drift-driven flow, the profiles of P e and the radial electric field E r are also shown in the third and fourth panels in figure 11 , respectively. In the QUEST IPN, T i is much lower than T e , as Doppler spectroscopy has approximately identified T i ranges one order lower than T e . Therefore, we assume P i = 0.1P e . The dotted lines in the first panel in figure 11 show the drift-driven component of v ⊥ . In the second panel, the dashed lines are estimated from equation (5), and the solid lines are also estimated from equation (6) . Here, we used k = 0.5 since the closed flux surface is oblate, as shown in figure 5 . The drift-driven components are in the same order as the experimental results of v ⊥ , although their signs are different. Regarding v || , the drift-driven flow seems to be weaker than the total flow. Furthermore, at t = 8.0 s, the drift-driven component cannot fit the experimental data with the sheared flow. Such a profile with shear has been observed in the far-SOL in the previous research [17] , therefore, it may be a characteristic mechanism in the IPN configuration in QUEST.
Discussion
Using the SOL probe and the top end-plate probe array, the response of the plasma to SGP was investigated in the far-SOL and end-plate region. The parameters were modified significantly as the plasma responded globally over 200 ms. The changes in particular parameters are presented in tables 1 and 2. At the far-SOL and end-plate region, n e rises about three-fold. Meanwhile, regional dependence can be seen in the development of T e and q SOL, end (heat flux). As n e increases, T e decreases by about 1/3 in the far-SOL; however, T e increases approximately two-fold in the end-plate region. Accordingly, T e responds in an opposite way between these regions. Eventually, the regional dependence on q SOL and q end can be seen, too. In the far-SOL, q SOL (for R < 1000 mm) decreases and q SOL (for R > 1000 mm) rises with the I p drop. Gaining an understanding of the behavior of q SOL for R < 1000 mm remains for a future piece of work. Heat flux suppression in the far-SOL could be possible if the effect of transport were rather weak and the heat source were suppressed critically.
Since there is no confinement of the bulk plasma in the far-SOL, a possible heat source is energetic electrons. On the bremsstrahlung hard x-ray measurement, the temperature range of T HX > 50 keV has been observed. The energetic electrons could be excursion orbits over the far-SOL of the IPN configuration, and the heating mechanism may be the slowdown of such energetic electrons. A part of the energetic Figure 11 . The radial profile of perpendicular velocity, v ⊥ , parallel velocity, v || , electron pressure, P e , and radial electric field, E r , in the far-SOL. In the first and second panels, the marks are observed velocities. The dotted lines present the estimated drift-driven components. Note: At t = 4.8 s, the velocity measurement was not sufficiently accurate due to the low density. electrons can fall into loss orbits when n e increases significantly, and SGP may reduce the number of energetic electrons appreciably.
As shown in figure 8 , a relation between τ * n e
and l c has been observed. The parallel flow velocity for R > 1040 mm is as high as for R < 1040 mm, therefore τ * n e is supposed to be shorter with shorter l c . To maintain the density with order sound speed flow, the particle source in an open magnetic flux surface must be extremely high and be supplied continuously. One of the particle sources is the radial transport from the core since SGP is applied to the private region from the central stack in the major radial direction. Hydrogen atoms generated by Franck-Condon dissociation can have an energy of about 3 eV, and the mean free path can be of the order of a meter when n e ≈ 10 16 . Therefore, neutral particles around the plasma-facing components may travel to the far-SOL and become particle sources. According to figure 4, however, n e is higher on the inner side in the far-SOL. Even so, we cannot ignore the source from the end-plate and wall since significant plasma wall interactions have been observed in QUEST [11, 25] . When the magnetic field length is l c = 10 m on the open field flux, the transit time for the particle on the field is estimated as τ tr = l c /c s ≈ 0.3 ms, where c s is the plasma sound speed and c s ≈ 30 km s −1 if T e ≈ 9 eV; therefore, τ τ * n tr e . This indicates that the source term of the continuity equation is not zero in the QUEST plasma, namely,
n t nu 0, and
. Plasma transported from inside can also be a source so that S(t) = S rc (t) + S D (t), where S rc is a source term from recycling and S D is a diffusion term relating to transport from the inside.
The radial particle transport in the far-SOL may be slow for the radial location R < 1040 mm since there is a sheared perpendicular flow, as presented in figure 11 . Research in the TORPEX device, where plasma is heated by ECW, has verified the existence of an optimal vertical magnetic field to confine plasma and the anti-correlation between the density and its decay time in the open magnetic field region [26] . In the QUEST, the poloidal electric field led by somewhat high n e may enhance the radial E × B losses in the inner area. Besides this, the moderate vertical field confines the particles in the open magnetic field, like TORPEX-although the currentcarrying particles generated by the 8.2 GHz ECW are only confined for less than one millisecond [27] . This is considerably shorter than τ * n e with SGP in the far-SOL, where a shorter τ * n e corresponds to a higher n e , and a longer τ * n e to a lower n e . This indicates that the source from the plasma-facing components may decide the apparent n e decay time. The ratio of S rc to S D is still unknown; therefore, further experimental examination is required to understand the details.
SGP modifies the plasma flow in the far-SOL significantly just in 20 ms. According to figure 9, a deceleration force density of about v ϕ and v θ can be roughly estimated as a d_ϕ ∼ 3.0 × 10 −5 and a d_θ ~ 2.5 × 10 −5 kg · m −2 s −2 . Therefore, such deceleration forces are exerted in the two directions in the same order. On the other hand, regarding re-acceleration, the acceleration force densities a a_ϕ ~ 2.0 × 10 −8 and a a_θ ~ 3.0 × 10
are estimated. As an experimental result, in both the toroidal and poloidal directions, the absolute values of the stabilized velocities at t = 8.0 s are considerably lower than those before SGP. It also takes 1-1.5 s to recover stable velocities as the acceleration time. However, in the far-SOL, the momentum density ρv after SGP is sufficiently higher than ρ 0 v 0 (t < 4.8 s) according to the results. This indicates greater mass flow rate after SGP. Understanding the mechanism of deceleration, acceleration and the force balance in detail is an important future work.
There is a large gap between the observed velocity and the estimated drift-driven component, as shown in figure 11 . Thus, we need to discuss another plasma flow mechanism. Consequently, transport-driven flow [14] [15] [16] 28] , which is attributed to non-zero poloidal divergence, could affect the flow structure significantly. The transport-driven flow field, nv tr , satisfies a divergence condition if the poloidal and radial particle flux are involved. In the case of QUEST, the source term in the far-SOL, S fSOL , is finite. Therefore,
where it is assumed that total divergence is zero. Poloidal divergence can be written as:
tr, tr, t r, tr, t r,
Hence, as long as
f SOL , poloidal divergence is non-zero when there is a gradient of nv tr,θ /B θ in the poloidal direction. Radial transport is non-zero, as the results show above. Since the density in the far-SOL is almost as low as n e < 10 16 m −3
, the particles transported from the core can be a source. The radial transport in the major radial direction to mid-LFS could be relatively high. If that is the case, the parallel flow from the mid-LFS to the top (counter-current) and bottom (co-current) end-plate regions may be strong. Such parallel flow corresponds to the negative v || observed by the SOLprobe, as can be seen in figures 9-11; moreover, the end-plates and walls act as sinks for the particles [12] . Such sinks can drive the flow in parallel directions due to sheath physics and pressure asymmetry [29] . Regarding our probe measurement for R < 1000 mm, such a flow corresponds to negative flow in both directions. The transport-driven flow and sink effect may partially compensate for the gaps between the observed and estimated components in the parallel flow. For the perpendicular flow, the drift-driven component is positive in the range (990 < R < 1060 mm). Therefore, we infer that the transportdriven component can affect the flow mechanism.
The sheared (positive) flow in the perpendicular component during the I p flat-top is still unexplained. A candidate for the cause is the drain structure on the equatorial plane. If there is a specific sink effect, this drives the perpendicularly positive flow. In fact, there was a movable limiter, which had been installed at the local toroidal position, at R = 1224 mm on the equatorial plane. The connection length passing through the limiter is l c = 15.3 and 14.5 m when I p = −11 and −17 kA, respectively. Compared to l c presented in figure 8 , the limiter should stay on the open magnetic flux where the investigated far-SOL in this research is located. Therefore, it is conceivable that the limiter influences the far-SOL plasma significantly as a boundary condition. Even though the limiter is usually grounded, the electric field can be generated locally since the plasma potential in the far-SOL is positive, as shown in figure 9 . Consequently, there is a possibility that the limiter works as a sheared flow driver.
As a future work, the investigation of the near-SOL is a crucial step. As shown in the research in several large tokamaks [14] [15] [16] 24] , near-SOL behavior can respond sensitively to the core region. The near-SOL is located between the edge and the far-SOL, and therefore, it may be able to influence both sides (the inner and outer plasmas) significantly. In the IPN configuration in QUEST, the near-SOL has been an unknown area. To measure the near-SOL directly by probes, quite a rigid cooling system is required to guard it from the severe heat due to energetic electrons. Practically, passive diag nostics such as Doppler shift spectroscopy or reflectometers for EC emission may be helpful for observing the near-SOL flow and other parameters.
Conclusion
The responses of plasma in the far-SOL and end-plate region have been researched using a two-point Langmuir probe measurement in a high poloidal beta configuration. This investigation found that the far-SOL plasma possesses complex characteristics. The apparent density decay time in the far-SOL and end-plate region after SGP is significantly longer than that in the core. The source in the far-SOL could be the neutral particles around the plasma-facing components. The significantly high co-current flow is driven solely by ECW in the far-SOL, and its direction is consistent with core flow. However, flow reversal in the co-current direction, as can be seen in the core, has not been observed. Sheared flow is also found in the perpendicular velocity profile during the recovered current flat-top phase. The characteristic profiles of the far-SOL flow are attributed to drift-driven flow, transportdriven flow, the sink effect on the end-plate, and a balance of neutral particle sources. These far-SOL plasma characteristics determine the boundary condition on the LFS in the IPN configuration, and may affect the core plasma significantly.
